We study electrostatic quantum dot confinement for charge carriers in silicene. The confinement is formed by vertical electric field surrounding the quantum dot area. The resulting energy gap in the outside of the quantum dot traps the carriers within, and the difference of electrostatic potentials on the buckled silicene sublattices produces nonzero carrier masses outside the quantum dot. We study the electrostatic confinement defined inside a silicene flake with both the atomistic tight-binding approach as well as with the continuum approximation for a circularly symmetric electrostatic potential. We find localization of the states within the quantum dot and their decoupling from the edge that makes the spectrum of the localized states independent of the crystal termination. For an armchair edge of the flake removal of the intervalley scattering by the electrostatic confinement is found.
Introduction

Silicene
1, 2 is a material similar in crystal and electron structure to graphene 3 but with enhanced spin-orbit coupling [4] [5] [6] that makes this two-dimensional medium attractive for studies of anomalous-potentials [40] [41] [42] [43] . Confinement by inhomogeneity of the magnetic field has also been proposed for graphene 44, 45 which removes the edge effects.
The electrostatic quantum dots studied below are formed by an inhomogeneous vertical electric field. We consider a system in which the confinement of the carriers is induced within a region surrounded by strong vertical electric fields [see Fig. 1 ]. The inhomogeneity of the electric field is translated into position-dependence of the energy gap. Localized states are formed within a region of a small energy gap surrounded by medium of a larger gap. A similar confinement mechanism has previously been demonstrated for bilayer graphene 46 , which also reacts to the vertical electric field by opening the energy gap. The vertical electric field produces potential variation at the A and the B sublattices of the buckled silicene [ Fig. 1(b) ]. In this way the system mimics the idea for potential confinement of neutrinos introduced by Berry and Mondragon 47 . A potential of a different sign for the components of spinor wave function was applied 47 that produces a so-called infinite-mass boundary in the limit case of a large potential. The infinite-mass boundary condition is applied for phenomenological modeling of graphene flakes with the Dirac equation 31, 32, 43, 47, 48 .
The proposed device is a physical realization of this type of the boundary condition. Note, that for monolayer TMDCs 49 , materials with hexagonal crystal lattice, the valley degree of freedom and strong spin-orbit coupling, formation of electrostatic quantum dots 50 is straightforward due to the wide energy gap of the system. However, these systems are far from the Dirac physics for massless or light carriers. 
Theory
Model system We consider silicene embedded in a center of a dielectric layer sandwiched symmetrically between metal gates [ Fig. 1(a) ]. The distance between the gates is 2h = 2.8 nm outside a circular region of radius 2R = 40 nm, where the spacing is increased to 2H = 28 nm. The model device is a symmetric version of an early electrostatic GaAs quantum dot device 51 . The electrostatic potential near the charge neutrality point can be estimated by solution of the 
and U B = −U A , where r is the in-plane distance from the center of the system. The model potential is plotted with the dotted lines in Fig. 1(b) . The results for the exact electrostatic potential are also discussed below. For the discussion of the confinement potential profile depending on the geometry of the gates see Ref. 52 . Note, that the gate voltage to confinement potential conversion factor depends not only on the spacing between the gates but on the buckling distance 1 which varies for different substrates. The confinement potential ar the A sublattices is plotted for varied values of the buckling distance d given in nanometers.
Atomistic Hamiltonian For the atomistic tight-binding modeling we apply the basis 4 of p z or-Bohr magneton and the electron spin factor is g = 2. The applied Hamiltonian is spin diagonal in the basis of σ z eigenstates. We consider the states confined within the confinement potential that is defined inside a finite silicene flake containing up to about 72.5 thousands ions.
Continuum approximation
The continuum approximation to the atomistic Hamiltonian provides the information on the valley index and angular momentum of the confined states. The continuum Hamiltonian (3) near the K and K valleys written for the spinor functions
where the valley index is η = 1 for the K valley and η = −1 for the K valley, τ x , τ y and τ z are the Pauli matrices in the sublattice space, k = −i∇ + e A, and
is the Fermi velocity with the nearest neighbor distance a = 0.225 nm.
For the isotropic potential U (r) and the symmetric gauge A = (−By/2, Bx/2, 0) the H η
Hamiltonian commutes with the total angular momentum operator of the form
is the orbital angular momentum operator, and I is the identity matrix. The components of the common H η and J z eigenstates can be put in a separable form
where m is an integer. For the K valley states we will denote the quantum number by m . The asymptotic behavior of the radial functions for a given m and η in the center of the potential is f A ∼ r |m| and f B ∼ r |m+η| 48 . The radial components fulfill the system of equations
which is solved numerically using a finite difference approach. The continuum Hamiltonian eigen- 
In the continuum approach we look for the states localized within the confinement potential of radius R within a finite circular flake of radius R . We are interested in the influence of the type of the flake on the states localized within the electrostatic potential well. In the continuum approximation at the edge of the flake we apply two types of boundary conditions: the infinitemass boundary condition boundary condition is applied at the end of the flake and in Fig. 2(c) the zigzag boundary condition is assumed. The energy levels in this area get localized inside the quantum dot -see the color of the points that indicate the localization of the electron probability density inside the quantum dot. The zigzag edge applied in Fig. 2(c) supports the edge-localized energy levels which correspond to zero energy in the absence of external fields. The edge energy levels for the zigzag flake in Fig. 2(c) are split by the gate potential 36, 38 . The energy of the edge states 36 follow the potential energy at the separate sublattices outside the quantum dot. The edge states are missing for the armchair edge of the hexagonal flake adopted for the tight-binding calculations in Fig. 2(a) and for the infinitemass boundary condition adopted in the continuum model in Fig. 2(b,d) . For the larger circular flake [ Fig. 2(d) ] the spacing between the energy levels localized outside of the dot is decreased, Fig. 2(a) ], and the infinite-mass boundary conditions [ Fig. 2(b,d) ].
The effects of the spin-orbit coupling and the results for the exact confinement potential are given in Fig. 3 . The plot of Fig. 3(b) -with the external field 0.5 T and without the spin-orbit interaction is the zoom of Fig. 2(b) . The Zeeman spin splitting is still not resolved at this energy scale, but the splitting of the energy states with respect to the valley is evident. The K (K') valley states with the indicated angular momentum quantum number m (m ) for the A sublattice is given in the Figure. In Fig. 3(b) all the energy levels are nearly degenerate with respect to the spin.
For comparison the result for 0 T is plotted in Fig. 3(a) , where all the energy levels are strictly degenerate. The degeneracy is fourfold: with respect to both the spin and the valley. The results with the intrinsic spin orbit coupling are displayed in Fig. 3(c) for B = 0. The intrinsic spinorbit interaction introduces an effective valley-dependent magnetic field which forms spin-valley doublets. The energy effects of the splitting is comparable to the external magnetic field of 0.5 T given in Fig. 3(b) .
The results of the present manuscript were obtained with the rectangular quantum well po- A smooth |Ψ A | amplitude can only be obtained provided that one of the valley components φ A or φ A is zero. Figure 4 shows that indeed as the gate voltage is increased the rapid oscillations of the density disappear. The valley mixing disappears along with the coupling to the edge.
In Fig. 4 a circular symmetry of the confinement potential is reproduced by the electron density for larger V g . In the lowest-energy conduction band state that we plot in Fig. 4 Fig. 4(g,h) . For V g = 10 V the electron density far from the dot disappears. A penetration of the electron density outside the nominal radius of the dot is still present, but short range.
In Figure 5 (a) we plot the absolute value of the wave function for the same state as obtained with the continuum approach with the infinite-mass boundary condition at the end of the flake R = 80 nm. The vanishing derivative of the probability amplitude at r = 0 is found for the A sublattice and a linear behavior for the radial function on the B sublattice. Equations (5, 6) translate the potential step into a jump in the derivative of the radial functions. V g shifts most of the probability amplitude of the lowest-energy conduction band states to the A sublattice (see also Fig. 4) . However, for large V g the radial functions for both sublattices tend to the same amplitude (see Fig. 5(a) ), since in the limit of infinite V g the variation of the electrostatic potential at the outside of the dot induces an infinite-mass boundary at r = R, which implies equal amplitudes of the wave functions therein 31, 32, 47 . The results obtained with the exact potential are given in Fig.   5 (b). The derivatives of the wave function are continuous for the smooth potential variation. The maxima of the wave function amplitude on the B sublattice no longer exactly coincide with R for the exact potential. Also, Fig. 1(b) shows that the energy difference between the sublattices is larger for the exact potential than in the rectangular quantum well approximation.
Summary and Conclusions
We found formation of states localized by external electrostatic potential within a silicene flake.
The potential used for this purpose results from the inhomogeneity of the vertical electric field that induces an energy gap outside the quantum dot and the buckling of the silicene surface. The energy spectrum for a finite flake can be separated into quantum-dot localized states and the states delocalized over the rest of the flake. The localized and delocalized states appear in separate parts of the energy spectrum limited by the electrostatic potential on the separate sublattices of silicene.
We have demonstrated that the states localized within the quantum dot are separated from the edge and independent of the boundary condition applied therein. A very good agreement between the atomistic tight-binding and continuum model results have been obtained. The electrostatic confinement opens perspectives for studies of localized states in the anomalous, spin and valley quantum Hall effects conditions.
